Abstract-Wireless Underground Sensor Networks (WUSN) using Electro-Magnetic (EM) wave communication has to address the challenges posed by the underground environment. An alternative to EM wave communication for WUSN is Magnetic Induction (MI). This research aims to study the possibility of using MI communication for WUSN designed for irrigation control in horticulture. As a case study, a typical Pecan farm in Australia has been considered. The case study would focus on the application of accurate soil moisture reporting and regulation for the farm, under all climatic conditions. This application addresses the issue of water-shortage confronting irrigation in Australia. This paper presents the results obtained from simulation of RFID deployment as part of WUSN design, and is a sequel to an earlier published work as part of an ongoing project.
This paper is a sequel to an earlier publication [5] , and the second in a series based on the work accomplished so far as part of an ongoing project. The project is currently in network planning and design phase. In this paper, the design of the proposed RFID component has been highlighted, and the results obtained from the simulation of RFID deployment have been presented. Section 2 explains the design options considered, to meet the deployment requirements outlined in [5] . Section 3 presents the preliminary simulation results. Section 4 concludes this paper with an overview of the planned future work.
II. UNDERGROUND SENSOR NETWORK DESIGN
In [5] , the deployment conditions and the sensor network plan were outlined and the same have been reproduced below for the sake of continuity.
A. Deployment Conditions
The WUSN is considered to be deployed in a large Pecan farm, similar to that shown in Figure 1 . The farm area under consideration is around several hundred hectares, with a total tree population ranging in several tens of thousands. Assuming uniform planting, one tree is planted every k square units of distance. For the planning phase of the case study, a unit distance is represented by . The tree distribution pattern has to be in accordance with the typical requirements of Pecan tree spacing for maximum yield, in addition to a minimum depth of 5 feet for optimum root penetration, and adequate but not excessive soil moisture [6] . Ensuring exact soil moisture is also significant in view of the water crisis confronting Australia in recent years.
The farm is subject to average to intense aboveground seasonal activity, including movement of harvesting machines transporting crops from the trees. This makes WUSN more suitable for sensing soil moisture conditions in the farm.
The underground sensors would be relied upon to accurately sense and report soil moisture data for clusters of planted trees across different layers of the soil (light, medium and heavy), under all climatic conditions. We define a cluster as a group of trees. The soil moisture data for each cluster needs to be reported to a remote data and control center bordering the farm. This data would be used to correctly regulate the watering of the Pecan trees, so as to maximize the yield for each tree.
Apart from accuracy and reliability of data, cost-effectiveness and longevity of the network are also of utmost importance. Especially, the WUSN has to work without any mediation for at least five years under all climatic conditions, after deployment. Ideally, the WUSN should be self-sufficient, and should be able to replenish itself. It should also be able to maneuver through the difficulties posed by the environment under different climatic conditions. There is no mobility expected of the nodes in the network. 
B. Sensor Network Plan
The sensor network has been planned in terms of independent yet identical network units covering specific sections of the farm. The basic unit of classification is a cell, which covers the area of x adjacent trees (i.e., multiple clusters). The area cover A sector is formed of z adjacent cells. The area covered by a
The entire farm area has been classified in terms of p sectors. The following calculations summarize the plan logic:
Area of a single tree (T) 2 Area of n number of trees/total farm area (A) = 2 Both of the above can be substituted with constants based on actual field values.
Area of x adjacent trees (cell) (C) 2 Area of z adjacent cells (sector) (S) 2 It is assumed that the total number of sectors should cover the entire farm area, and hence should be equal to the entire farm area (A). Using the area of a single tree (T) and the entire farm area (A), a close approximation can be arrived at for the values of area of a cell (C) and area of a sector (S), by dividing the total farm area into identical units enclosed by the minimum number of trees, economized for optimum coverage.
Since much of the aboveground is subject to activity, the placement of the aboveground sink nodes has to be confined to specific regions of the farm. The area covered under a single aboveground sink node could exceed multiple thousands of coverage at minimum cost using this plan, an underground sensor node has to be deployed per sector. To optimally synchronize the underground and aboveground networks, an underground sink node would be considered for the number of sectors covered by an aboveground sink node. Underground-toAboveground (UG2AG) and Aboveground-to-Underground (AG2UG) bi-directional communication has to be accomplished using EM waves. For Underground-toUnderground (UG2UG) bi-directional communication, MI would be explored.
The whole network plan would be envisaged as a replication of the above unit plan. During the design and simulation phase, all simulations, prototyping and deployments would be focused on the unit plan. 
C. RFID Implementation
The suggestion of a polling mechanism to actually regulate the sensing was put forth in [5] . The basis for such implementation has been the prototype design presented in [7] . However this implementation departs from the prototype design in the following aspects:
1. In the prototype [7] , a fundamental frequency of 13.56 MHz has been considered. For the application, transmission in the UHF frequency band (868-916 MHz) for longer read range (in the vicinity of >8 meters, as has been already demonstrated [8] , [9] ) has been considered.
The typical order of input power for Active Reader Passive
Tag (ARPT) is 30 dBm, and the superheterodyne receivers commonly found in readers offer a typical sensitivity greater than -150 dBm [10] . This power needs to be generated (in fact a range in the vicinity is under consideration) using a sustainable method of power scavenging, as indicated in [5] . This mechanism has to be integrated with the reader.
3. The algorithm of averaging over multiple readings to arrive at a particular read value in [7] may be redundant for sensing moisture. Instead, a mechanism for making the sensing coincident with interrogation from the reader is under investigation.
1) Rotating Reader Antenna
The design makes use of a single reader to communicate with multiple passive tags. In order to achieve this, a reader design is required that can communicate with tags in all orientations. A rotating reader antenna design proposed in [11] has been shown to be capable of communicating with tag at all orientations. The whole antenna mechanism can be driven using a single power source as stated in [11] , which suits the application requirement. Although the fundamental operating frequency considered in [11] is in the 13.56 MHz band, the design itself has been stated to be applicable to higher frequency bands. 
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Each reader would update the underground sink node discussed in [5] . The MI waveguide system of [12] discussed in [5] is used for relaying the communication between the reader and the tag, and between the reader and the underground sink node.
D. Terrain and Deployment Studies
A preliminary study of the underground terrain characteristics was conducted to determine any hindrance to line-of-sight communication between adjacent coils, and the corresponding resultant misalignment. Random sectors were chosen for such study, in order to arrive at a prototype for the coil layout model plan, under the assumption that such random observations should indicate the nature of the topological variations across the total area of the farm. A purpose of the study was to figure out the possibility of using a uniform network layout across all sectors, which could model any deflection required from lineof-sight deployment. Based on the study, it was identified that an effective model should be able to account for an average of 30 degrees of deflection between adjacent links, in order to be applicable to all the sectors under consideration. In addition, it should also account for 30 to 45 degrees of angular displacement of the coils.
Another focus of the study was to arrive at a close approximation for the geometrical area enclosed by a sector. Since the farm is spread across a large geographic area, there could be variations in the geometrical area enclosed by different sectors. For simulation purposes, it was essential to model all sectors using a regular geometrical structure. Figure  3 shows a classification pattern that emerged based on the study. The representation in Figure 3 is based on the arrangement of trees at the border of a sector, along the vertices of a polygon. Note that the dots on the circumference in Figure 3 indicate the trees. The number of trees would depend on the area of the sector (S). Multiple readers and associated tags would be required to cover the area of one sector.
III. UNDERGROUND SENSOR NETWORK SIMULATION

A. Simulation Objectives
The objectives of the simulation were:
1. Approximate the optimum number of coils for a range of relay distances applicable to the RFID implementation. The range considered was modeled on actual field conditions.
2. Approximate the power transfer efficiency for the relay distance under consideration, while taking both angular coil displacements and link deflections due to ground conditions into consideration.
B. Equations
The simulation has been based on the following related research output:
3. The power transfer efficiency for communication between a reader and its set of tags has been based on the equations in [13] for loose coupling, which are related to a tightly coupled model proposed in [14] .
4. For modeling the path loss for the MI waveguide, the equations provided in [16] have been used. The MI waveguide tuning model proposed in [12] has been used to minimize the path loss.
5. The link deviations have been modeled using the correlated random walk framework outlined in [15] . The extent of the modeling has been confined to approximating the deviation for each link, rather than total displacement from the origin captured by the framework. Table 2 lists the relevant equations used in our simulation. Note that the equations have been numbered in accordance with their corresponding reference source. Table 1 explains the symbols used in the equations. 
Equations
In addition, the equations and functions provided in [17] and [18] have also been considered for close approximation of inductance for suitable coil dimensions. For the sake of brevity, the same have not been reproduced in the above table.
C. Simulation Parameters
The simulation parameters have been classified as follows, based on how their values have been arrived at:
1. Fixed (f): These parameters take fixed values, and are related to field conditions. Note that the range of fixed values should differ depending on the parameter under consideration.
Calculated (c):
These parameters are calculated before the simulation, based on relevant equations. The variations observed for the calculated coil dimensions/properties would be reflected in the resultant inductance value [17] , and the related calculated parameters would be determined by it.
Variable (x):
These parameters take their values based on the simulation.
International Annealed Copper Standard (IACS) [19] copper cylindrical solenoid coil properties have been considered for the simulation, with a fixed coil radius of 0.2 mm. In addition, uniform coil specifications have been assumed across the deployment space for this design phase. The quality factor of the coil wire has been fixed at a maximum of 100 for simulation purpose, which is typical of mass produced coil wires, even though much higher values could be arrived at theoretically for the configuration under consideration.
Lateral displacement between adjacent coils has not been considered for the simulation, with the sole focus placed on the angular displacement. This is due to the reason that there is no significant interaction between the two displacement effects, and for a relatively small displacement range as in this case the angular effect is dominant [20] . Table 3 lists all the relevant simulation parameters. Wherever applicable, the values for calculated and variable parameters have been marked using and respectively. 
E. Discussion
The following observations are immediate from the simulation results:
1. The number of relay coils required to cover the relay distance range considered decreases by a factor of 1-2% with the increase in the coil displacement.
2. There is an average increase of 5-10% in the power transfer efficiency with the increase in the coil displacement.
These results have been determined by the unique deployment conditions of the farm and consequent simulation assumptions. But they do point to the impact of coil displacement on the WUSN network design. Even though the difference in the results is infinitesimal, it could have a significant bearing on cost and quality factors when the vast deployment area of the entire farm is taken into account.
IV. CONCLUSION AND FUTURE WORK
Magnetic Induction (MI) presents a viable alternative to Electro-Magnetic (EM) wave communication for Wireless Underground Sensor Networks (WUSN). The application of WUSN considered for the case study is monitoring, reporting and eventually regulating soil moisture conditions for a typical Pecan farm. This paper discussed key design ideas and presented simulation results based on the design. Based on the results of the simulation, it could be concluded that the angular displacement of the coils had a pronounced impact on the power transfer efficiency for RFID implementation. Future work would focus on replicating this result on a more elaborate set-up, in addition to studying other aspects of the RFID implementation such as hardware design, power scavenging model and bit-rate optimization. The end-objective would be to build a commercial version of the solution which would integrate the sensor network with a mechanism to regulate adequate water flow to the trees, so as to ensure maximum yield and water conservation.
